22 23 KEY WORDS 24 Adult human ovary, Oogonial stem cells, DDX4 antibody, Germline stem cells, Single cell RNA 25 sequencing, Cell surface marker. 26 27 2 ABSTRACT 28 The human ovary orchestrates sex hormone production and undergoes monthly 29 structural changes to release mature oocytes. The outer lining of the ovary (cortex) has 30 a key role in defining fertility in women as it harbors the ovarian reserve. It has been 31 postulated that putative oogonial stem cells exist in the ovarian cortex and that these 32 can be captured by DDX4 antibody isolation. We analysed on a single cell level the 33 transcriptome and cell surface antigen profiles of over 24,000 cells from high quality 34 ovarian cortex samples from 21 patients. Our single cell mapping reveals transcriptional 35 profiles of six main cell types; oocytes, granulosa cells, immune cells, endothelial cells, 36 perivascular cells, and stromal cells. Cells captured by DDX4 antibody are perivascular 37 cells, not oogonial stem cells. Our data does not support the existence of germline stem 38 cells in adult human ovaries thereby reinforcing the dogma of a limited ovarian reserve. 39 40 65 in a xeno-transplantation model [9]. The biological significance of these cells is poorly 66 understood. In addition, many laboratories have not been able to repeat these findings and 67 confirm the existence of OSCs [14-16].
INTRODUCTION

41
The ovaries have two main functions; providing mature and developmentally competent female 42 germ cells oocytes, and producing hormones to support the female phenotype and pregnancy.
43
In contrast to male germ cells spermatozoa that are continuously produced throughout 8 Supplementary Fig. 2c and d) . The majority (82.5%) of the DDX4 Ab+ cells contributed to a 164 specific cell cluster, which was identified as perivascular cells (Fig. 3a, b and Supplementary 165 Table 2 ). When considering the seven-fold enrichment of Ab+ cells, the DDX4 Ab-cells 166 dominated all other clusters (Fig. 3a, b and Supplementary Fig. 2c ). The top 25 highly 167 expressed genes in Ab+ cells included several known perivascular marker genes such as 168 MCAM, TAGLN and ACTA2. The top 25 highly expressed genes in the Ab-cells included 169 stromal cell markers, such as DCN and PDGFRA (Supplementary Table 2 ). Among the 170 perivascular cell cluster, only one cell expressed DDX4 (Fig. 3c, left) . In the whole dataset, 171 there were two cells in the DDX4 Ab+ and 23 cells in the DDX4 Ab-fractions that expressed 172 DDX4 mRNA (Fig. 3c, right) . Eleven of these were oocytes. The somatic DDX4 expressing 173 cells were pooled (ddx4*, 1 DDX4 Ab+ cell, 11 DDX4 Ab-cells). Ddx4* cells did not express 174 any germline marker except for IFITM3, which was in fact expressed in the majority of the 175 ovarian cortex cells ( Supplementary Fig. 2f and g). Ddx4* cells did not express any 176 pluripotency or oocyte markers either ( Supplementary Fig. 2g and Supplementary Table 2 ).
177
OSCs are usually cultured and expanded in vitro under specific conditions [9, 10] , 178 which could enrich a stem cell population that might go otherwise unnoticed. Therefore, we 179 performed scRNA-seq on FACS-sorted DDX4 Ab+ and Ab-cells cultured under OSC 180 conditions for several weeks. Even after culture, Ab+ and Ab-cells clearly clustered separately 181 ( Supplementary Fig. 2h ). Highly expressed genes were compared with our uncultured, FACS-182 sorted ovarian cells. The top 25 highly expressed genes in the cultured DDX4 Ab+ cells 183 associated with the perivascular and endothelial cell clusters whereas the top 25 highly 184 expressed genes in the cultured DDX4 Ab-cells did not ( Fig. 3d and Supplementary Table 3 ).
185
The same results were obtained when the top genes were overlaid with our uncultured, 186 unsorted ovarian cells ( Supplementary Fig. 2i ). This suggested that in vitro culture does not 187 change the identity of the DDX4 Ab+ cells.
188
We next wanted to verify the localization of DDX4 Ab signal to perivascular cells in 189 human ovarian cortex. We chose two higly expressed markers from the perivascular cluster,
190
MCAM and RGS5 (Fig. 3e ), and carried out a co-staining with DDX4. DDX4 was found to be 9 co-expressed with MCAM and RGS5 in the perivascular cells surrounding CD31-positive 192 endothelial cells of blood vessels (Fig. 3f ). In the same tissue section, oocytes within pre-antral 193 follicles stained brightly for the DDX4 antibody but not for the perivascular markers ( Fig. 3f last   194 column, asterisks).
195
In order to study the identity of the DDX4 Ab+ cells using an independent approach, 196 we carried out an extensive human cell surface marker profiling of ovarian cells co-stained with 197 DDX4. Fourty-three of the 242 surface markers present in the screen were found to be 198 consistently expressed on ovarian cortex cells ( Fig. 4a and Supplementary Table 4 ). Of these, 199 seven (CD9; CD39; CD44; CD49a; CD49c; CD144; and CD146, also known as MCAM) were 200 brightly expressed on DDX4 Ab+ cells when compared to the DDX4 Ab-cell population, 201 whereas seven (CD26; CD49e; CD54; CD55; CD62e; CD105; CD200) were weakly expressed 202 on DDX4 Ab+ cells ( Fig. 4a ). Both positive and negative surface marker sets were used to 203 generate expression scores and visualized in feature plots to associate them to cell clusters in 204 our scRNA-seq datasets. Markers expressed on DDX4 Ab+ cells were again associated to the 205 perivascular and endothelial cell clusters, whereas the surface markers absent from DDX4 206 Ab+ cells were not ( Fig. 4b ). MCAM and CD9, two markers of DDX4 Ab+ cells identified in the 207 surface marker screen ( Fig. 4a ) and scRNA-seq analysis ( Supplementary Table 2 ), were 208 validated via immunostainings to localize to small blood vessels in the cortex (Supplementary 209 Fig. 3 ). We next studied the extent to which DDX4 Ab stained perivascular cells. Altogether, 210 3.67% of the ovarian cells were double positive for the perivascular markers MCAM/CD9, and 211 80% of them were found to be also positive to DDX4 leading to 2.94% of live cells in ovarian 212 cortex being MCAM+/CD9+/DDX4+ ( Fig. 4c ). Immunostaining of unfiltered digested ovarian 213 cortex cells likewise showed that all cells of a blood vessel were positive for DDX4 Ab with 214 most of them also co-expressing MCAM and/or CD9 (Fig. 4d ). This suggests that the majority 
238
( Fig. 5c and Supplementary Fig. 4a ) suggesting that they could potentially be germline stem 239 cells that remain in adult ovaries. The transcription profile of these four cells was investigated 240 further. Fetal mitotic FGCs showed a high expression of the pluripotency genes PRDM14, 241 POU5F1, NANOG, and LIN28A, but none of these markers were found in the adult cells ( 
245
ZP3, FIGLA, OOSP2, LIN28, TUBB8) were not detected in the four adult cells (Fig. 5d ). Based 246 11 on the gene expression profile of the four adult cells and their previous clustering behavior in 247 adult dataset analysis ( Fig. 2b and 3b ), these cells are considered to be granulosa, 248 perivascular and stroma cells.
250
DISCUSSION
251
In this study, we provide the first comprehensive map of cell populations in human ovarian 252 cortex, including both oocytes and their somatic cell niche. We identify oocytes, granulosa 253 cells, immune cells, endothelial cells, perivascular cells and stroma cells but do not find a 254 germline stem cell population.
255
A concern in ovary research is the type of tissue available for research as healthy ovaries from 256 young women are never surgically removed without severe indications. C-sec biopsies are 257 small, GRP ovaries influenced by androgen treatment, and fertility preservation samples 258 affected by the diagnosis and treatments. In addition, patient age has a major impact on follicle 259 density and quality [6, 22] . Typically, GRPs are young and have a high follicle density. Although 260 all GRPs undergo androgen-therapy prior to oophorectomy, their follicles do not differ in 261 distribution, number and quality from untreated women [23], and they can achieve pregnancy 262 after discontinued hormone treatment [24] . In support of this, our data show that ovaries from 263 GRPs have the same cell composition as tissue from C-sec patients. All tissue samples in our 264 study were verified to have good quality and viable follicles, and the samples were handled 265 according to protocols used in clinical fertility preservation [25, 26] . 14 Indeed, experimental [47] and in silico data [14] argue against an extracellular localization of 331 the DDX4 C-terminus. Despite this, several groups have been able to isolate a varying amount 332 of cells from the ovarian cortex using this antibody, ranging from 1.7 -42.7% [9, 15, 16, 20, 333 48]. In our experiments, the population size varies from 5 -11.5%. The variation could be 334 explained by the organization of the vasculature in the ovary. The initial manual trimming of 335 the poorly vascularized ovarian cortex can lead to contamination with the highly vascularized 336 medulla (see Supplementary Fig. 1a ), which could affect the amount of blood vessels and 337 hence perivascular cells present in the sample. In addition, vascular density inversely 338 correlates with follicle density in the cortex [36] , and this could lead to varying population size 339 of DDX4 Ab+ cells. Our data also explain how DDX4 Ab+ "OSCs" have even been isolated 340 from extragonadal tissues such as liver and kidney [15] . As all tissues contain blood vessels, 341 perivascular cells are to be expected. We further show that no other Ab targeting DDX4 C-342 terminus can bind to cells in ovarian cortex, and that the Abcam Ab stains blood vessels (and 343 oocytes) in ovary tissue sections. We conclude that the DDX4 Ab (ab13840, Abcam) 344 recognizes an epitope specifically expressed on perivascular cells.
345
Perivascular cells include pericytes and smooth muscle cells that originate from a common 346 progenitor and express distinct sets of markers [19] . Depending on the type of blood vessel 347 (fine capillary or big artery) one or both cell types can be found. Interestingly, tissue resident 348 pericytes have been suggested to contribute to the regeneration of various tissues including 349 endometrium due to their stem cell potential [49] . In this study, DDX4 Ab+ cells identified as 
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to the research laboratory for processing. In GRP ovaries, cortex was separated from medulla 370 and trimmed to a thickness of 1 mm using scalpels. C-sec biopsies were small surface cuts 371 (max 5x5x1 mm) and did not require trimming.
372
All tissue samples were cryopreserved and quality controlled using clinical fertility preservation 373 protocols [25, 26, 50] . For histological evaluation, fresh pieces of cortex were immediately fixed 374 in 4% methanol-free formaldehyde (Thermo Fisher Scientific) and in Bouin's solution (Sigma-375 Aldrich, USA). Upon dehydration and paraffin embedding, tissue was sectioned (4 µm) and was verified under a stereomicroscope (Leica S9D) (Fig. 1) . For vitrification of ovarian tissue, mm and transferred into vitrification solution containing 40% Ethylene Glycol (Sigma-Aldrich) 389 and 10 mg/mL HSA for 2 min and 3 min. Then, pieces were transferred into cryo-tubes and 390 stored in liquid nitrogen. For thawing, cryo-tubes were slightly opened and equilibrated in room 391 temperature for 30 s. Closed tubes were then placed into a 37 °C water bath for 1.5 min, and 392 the pieces were transferred through three different thawing solutions of decreasing sucrose 393 and increasing HSA concentration for 2 min, 3 min and 5 min. For slow-freezing of ovarian 394 tissue, the standard protocol was followed [26] . In brief, cortex was cut into pieces of a 395 maximum size of 10x10x1 mm and pre-equilibrated in slow-freezing medium containing 7.5%
396
of Ethylene Glycol and 10 mg/mL HSA in DPBS for 30 min shaking on ice. Pieces were 397 transferred into cryo-tubes containing 1 mL of fresh slow-freezing solution and placed into 398 controlled rate freezer (Kryo 360-1.7, Planer PLC, UK). For thawing of slow-frozen tissue, cryo-399 vials were placed in a 37 °C water bath for 1 -2 min, transferred into thawing solutions with 400 10 mg/mL HSA and decreasing sucrose concentrations for 10 min, 10 min, and 10 min. 
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Abcam) was used as negative control. A distinct population of DDX4 Ab+ cells were found 423 using a concentration of 10 μg/mL of DDX4 Ab (ab13840) in 100 μL, hence, all subsequent 424 experiments were performed using this concentration ( Supplementary Fig 2a) . After 20 min, files. Mapped reads were then counted in annotated genes using featureCounts. The 503 annotations and reference genome were obtained from UCSC Genome Browser [56] . The 504 count table from featureCounts was imported into R/Bioconductor and differential gene 505 expression was performed using the EdgeR package and its general linear models pipeline.
506
For gene expression analysis, genes with at least one count per million in three or more 507 samples were used and normalized using TMM normalization. UMAP dimensionality reduction 508 was performed in R with the uwot package using all genes with at least 1 count per million in 509 three or more samples. 
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Schematic representation of the study. In total, ovarian cortical tissue from 16 GRPs (mean
